Growing and mature rats were examined for the eŠect of a change in dietary protein requirements on the induction of liver serine dehydratase (SDH). The rats were fed on diets varying in casein content, and the weight change and nitrogen balance was determined. SDH activity and its gene expression were induced in both growing and mature rats when their protein intake exceeded their nutritional requirements.
It is well known that the rate of catabolism of amino acids increases when dietary proteins exceed the body's requirements or with starvation in order to support gluconeogenesis. The regulation of this process involves the activation or inactivation of key enzymes via the amino acids themselves, 1) or through catabolized products 2) and the de novo synthesis of enzyme proteins.
3) Hormones such as glucagon and glucocorticoids are known to stimulate the gene expression of several amino acid-catabolizing enzymes, while insulin counteracts these eŠects. [4] [5] [6] [7] However, although the protein requirement varies during growth, it has not been clearly established whether the regulation of amino acid catabolism changes in order to adapt to the body's need for dietary proteins.
Serine dehydratase (SDH; EC 4.2.1.13) catalyzes the formation of pyruvate from serine mainly for gluconeogenesis. Thus, the activity is induced when animals are fed on a high-protein diet. Glucagon, glucocorticoid and insulin are involved in the transcriptional regulation of SDH induction. 4, [6] [7] [8] On the other hand, there have been reports that SDH was induced for catabolizing surplus amino acids in order to maintain amino acids homeostasis. 9) If the physiological role of SDH is not only for gluconeogenesis but also to catabolize surplus amino acids, it can be expected that the amount of dietary protein required for enzyme induction would vary in response to the nutritional requirements of animals. To examine this possibility, we compared the induction of SDH in growing and mature rats fed on isocaloric diets that diŠered in protein content. Male Sprague-Dawley rats, 4-wk-old (growing) and 6-mo-old (mature), were purchased from Nihon SLC (Hamamatsu, Japan). Their initial weights were 70-80 g and 500-650 g, respectively. They were housed individually in metabolic cages in an airconditioned room at 259 C with a half-day light W dark cycle. The animals were maintained on a 20z casein diet for theˆrst 2 days, and then given a test diet that varied in casein content for 7 days. Three animals were used for each dietary group. Each diet was composed of an appropriate amount of casein (Oriental Yeast Co., Tokyo, Japan), 5z soybean oil (Fuji Oil Co., Osaka, Japan), 5z cellulose powder (Oriental Yeast Co., Tokyo, Japan), 1z vitamin mix (Oriental composition; Oriental Yeast Co., Tokyo, Japan), 5z mineral mix (Oriental composition; Oriental Yeast Co., Tokyo) and the remaindes adjusted by cornstarch (Kansai Denpun Co., Osaka, Japan). The compositions of the vitamin mix and the mineral mix have been described elsewhere.
10) The casein contents were 5, 10, 15, 20, 25 and 50z for the growing rats, and 0, 3, 6, 9, 15 and 25z for the mature rats. Food and water were available at all times. The food intake and body weight were measured every two days. Urine and feces were collected for the last two days of the experiment to determine the nitrogen balance (N-balance). The animals were then anesthetized by an intraperitoneal administration of sodium pentobarbital (50 mg W kg of body weight) and killed by N-balance was determined as described in the Experimental Procedures section. Data were obtained from each rat, and the protein intake was calculated from the nitrogen content in the diet and the amount of diet consumed by the rat.
decapitation. The livers were excised, frozen in liquid nitrogen, and kept at "809 C until needed. This experimental method was approved by the Animal Experiment Committee of Kyoto Prefectural University. All the rats were managed according to the Guidelines for Care and Use of Laboratory Animals. The nitrogen contents in the diet, urine and feces were determined by the micro-Kjeldahl method. The apparent N-balance was calculated by subtracting the nitrogen content in the urine and feces from that in each diet consumed. The preparation of the liver extracts and the assay for SDH activity were performed as described previously.
11) One unit of SDH activity is deˆned as the formation of 1 mmol pyruvate per minute at 379 C. The protein content was determined by the Lowry method, 12) with bovine serum albumin used as a standard. To examine the expression of SDH in the liver, total RNA was isolated from crushed frozen tissue by the acid guanidinium phenol chloroform method. 13) We reverse transcribed 1 mg of total RNA to cDNA by adding 19 ml of a reaction mixure, before 5 ml of each sample was added to 20 ml of the reaction mixure. The primer sequences of SDH were 5?-CCTTGTGAAGGAGCTGAAGG-3? (sense) and 5?-CCACCAGGATCTTCTCATCG-3? (antisense). Ampliˆcation was performed by an automated thermal cycler (Gene Amp, Perkin Elmer, CA, U.S.A.) at 949 C for 30 seconds, 559 C for 2 seconds, and 689 C for 25 seconds for 25-30 cycles. We amplied 5 ml of the same reverse-transcriptase reaction mixture with b-actin-speciˆc primers to normalize the signals. The PCR products and molecular weight markers were subjected to electrophoresis on 1.2z agarose gel, being visualized by ethidium bromide staining. Varying the number of PCR cycles from 25 to 30 did not change the relative diŠerences between samples, indicating that our PCR conditions were not within the plateau phase of ampliˆcation. The SDH activities in each dietary group of the growing and mature rats are expressed as the mean±SD and were evaluated by Tukey's test after one-way ANOVA. A diŠerence was considered signiˆcant at Pº0.05. The analysis was performed by using SPSS 6.1J for Macintosh (SPSS Japan, Tokyo, Japan).
The nitrogen balance values of the growing and mature rats fed on the diets diŠering in casein content are shown in Fig. 1 . In the growing rats, the nitrogen balance increased with increasing protein intake and leveled out when the intake was over 2.5 g of protein per 100 g of body weight per day (Fig. 1A) . The gain in body weight in growing rats closely matched the nitrogen balance (data not shown). Therefore, the dietary protein requirement for maximum growth should be around 2.5 g per 100 g of body weight per day. This amount of protein can be taken by feeding a diet containing more than 25z casein. On the other hand, the body weight of the mature rats did not change signiˆcantly during the experimental period and did not diŠer among the dietary groups (data not shown). However, it can be seen that their nitrogen balance turned positive when the protein intake exceeded 0.3 g per 100 g of body weight per day (Fig. 1B) , i.e., when the rats were fed with a diet containing more than 9z casein. Thus, the protein requirement for mature rats to maintain the nitrogen balance was around 0.3 g per 100 g of body weight per day. Figure 2 shows the liver SDH activity of the growing and mature rats plotted against the protein intake, and Fig. 3 expresses the mean±SD of the activity in each dietary group. The SDH activity in the growing rats was very low when the protein intake was less than 2.5 g per 100 g of body weight. However, a 20-to 40-fold induction of the activity was observed when rats were fed on the 50z casein diet, by which they could take 4-5 g of protein per 100 g of body weight per day ( Figs. 2A and 3 ). This result is consistent with previous reports that SDH was induced by a high protein diet. 9, 14, 15) On the other hand, the induction in mature rats began when they took more than 0.3 g of protein per 100 g of body weight per day (Fig. 2B) , i.e., when the rats were given a diet of more than 9z casein in content (Fig. 3) . Furthermore, the activity in the mature rats fed on the 25z casein diet (0.7-0.8 g of protein intake per 100 g of body weight per day) was similar to that in the growing rats fed on the 50z casein diet (Fig. 3) . These results indicate that SDH was induced when the rats took more dietary protein than required. Figures 4A and B show the induction of SDH mRNA in the liver of growing and mature rats, respectively. In the growing rats, mRNA was only detected when they were given the 50z casein diet. On the other hand, the mRNA level of the mature rats gradually increased when the rats were fed with the diets of over 9z casein in content. It thus seems likely that the increase of SDH activity in growing and mature rats was accompanied by an increase in the level of SDH mRNA. These results suggest that the dietary induction of SDH was mainly controlled at the level of transcription, as reported previously. 14, 15) The physiological importance of SDH induction is for gluconeogenesis, and strong activity of the enzyme is therefore induced under such conditions as fasting, diabetes mellitus and feeding with a highprotein diet. The induction is controlled mainly at the level of transcription of the SDH gene. It has been demonstrated that glucagon and glucocorticoids synergistically stimulated the transcription in vivo 6) and in vitro, 4) while insulin suppressed this transcription. 4, 7) It is therefore, thought that the dietary induction of SDH in growing rats is mainly controlled by these hormones, since the activity could be induced when the rats were fed on a high-protein diet by which gluconeogenesis was stimulated. However, this was not the case in mature rats, because SDH mRNA began to be expressed when they were fed on a diet as low as 9z casein in content (Fig. 4B) .
The adaptive change in amino acid oxidation occurring under diŠerent dietary conditions has been extensively studied by measuring the 14 CO2 excretion from rats given 14 C-labeled amino acids. 16) Brookes et al. 17) have extended this technique to determine the amino acid requirement of a growing rat. They gave lysine-deˆcient sesame meal supplemented with various amounts of lysine and injected a trace amount of 14 C-lysine to the rat, the relationship between growth (weight gain) and lysine oxidation then being examined. At below a certain intake level of lysine, the amount of lysine oxidized was very low and relatively constant with increasing lysine consumption. However, above the intake level at which the max- imal growth rate was attained, the lysine oxidation linearly increased with increasing lysine consumption. Although the molecular mechanism has not yet been clariˆed, this observation suggested that the amino acid metabolism changed markedly at the level of the dietary requirement.
To consider that SDH is induced in both growing and mature rats when they take more protein than their nutritional requirements, it is likely that the enzyme can be induced not only for gluconeogenesis but also for catabolizing surplus amino acids to maintain homeostasis of the amino acid pool.
9) The result also suggests that a factor(s) other than hormones is involved in the regulation of SDH gene expression.
